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® Disclosed is a method for measuring the thermal 
diffusivity in the thickness direction of a thin sample 
plate (1). which has the steps of forming a conduc- 
tive thin layer (3) on at least one surface of said thin 
sample plate (1) to allow the thin film to function as 
an ac heater (2) generating joule heat, applying an 
ac current modulated with a given modulation fre- 
quency to the ac heater (2) (conductive thin layer) so 
as to produce ac joute-heating, generating an oscilla- 



tion response corresponding to said ac joule-heating 
on the opposite surface of the ac heater (2), and 
measuring the phase shift between said oscillation 
response, and the ac joule-heating, thereby obtaining 
the thermal diffusivity in the thickness direction of 
said sample plate (l ). Apparatus useful for the meth- 
od are also disclosed. 
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METHOD AND APPARATUS FOR MEASURING THERMAL DIFFUSIVITY BY AC JOULE-HEATING 



This invention relates to a nnethod for measur- 
ing thermal diffusivity of material, an apparatus 
used for this purpose, and a method for measuring 
thermal conductivity. Particularly, It relates to a 
measuring method and apparatus depending on 
the non-steady state method (where the tempera- 
ture is not kept constant and hence is allowed to 
vary) for precise measurements of the thermal dif- 
fusivity of a hardly conductive material such as 
high molecular compounds (polymers) and ceram- 
ics, and to a method for measuring its thermal 
conductivity by the use of the measured value of 
the thermal diffusivity obtained according to the 
method for measuring thermal diffusivity. 

Thermal diffusivity and thermal conductivity are 
among important properties for determining the 
processing and use conditions of a variety of ma- 
terials including high molecular compounds 
(polymers) upon their material and product de- 
signs. Recently, a number of various simulation 
programs have been developed keeping pace with 
the advance of computerization, and material and 
product designs making use of these programs 
have been put into practice so often. For instance, 
structural analysis for analyzing the stress or de- 
formation of processed products or structures and 
thermal conduction analysis for analyzing heat 
transfer phenomena have already been applied 
widely. Heat flow analysis for analyzing the behav- 
ior of resins in a mold in the injection molding has 
recently been utilized in many cases. The analyt- 
ical accuracy of these simulation programs is large- 
ly dependent on the accuracy of the physical prop- 
erty values used in the analyses, not to mention 
the contents of the programs. Accordingly, in order 
to improve their analytical accuracy and perform 
precise material and product designs, it has been 
desired to measure the physical properties of the 
object material with high precision. 

Processed products are often used practically 
not only at room temperature but also at high 
temepratures. While processing, most of high mo- 
lecular materials undergo a molding process in 
which they are molten at high temperatures and 
then cooled to room temperature. Therefore, when 
material and product designs are carried out taking 
into account the actual use and processing con- 
ditions of a product or when analysis is conducted 
on the basis of actual phenomena, it is necessary 
to know its physical properties In the wide range of 
temperature from room temperature to the melting 
temperalure or above. 

Lately, it has frequently been practiced to use 
processing materials in a composite form, so that 
their combinations have become diversified and 



complicated. On measuring physical properties for 
the material development and design of such a 
particular processing material, it has often been 
difficult to obtain a large amount of Its sample. It 

5 has also become necessary to know Its physical 
properties as quickly as possible and reflect the 
results without delay in the development and de- 
sign of its product. As a result, rapid measurement 
of the physical properties has been demanded with 

10 a small amount of sample. 

The method for measuring thermal diffusivity is 
broadly divided into the steady state method and 
the non-steady state method. The method for mea- 
suring thermal diffusivity according to the non- 
75 steady state method is characterized in that the 
thermal diffusivity is determined by producing for- 
cibly a thermally non-equilibrium state in a sample 
and measuring the temperature variation of the 
sample caused by the subsequent relaxation of the 

20 state. Thus, the method has such an advantage 
over the steady state method that measuring time 
is significantly reduced. 

Typical methods for measuring thermal dif- 
fusivity according to the conventional non-steady 

25 state method include the Angstrom method, the 
flash method and the PAS method. The Angstrom 
method calculates thermal diffusivity In the follow- 
ing manner: A portion of a rod sample, which has a 
sufficiently small cross sectional area relative to the 

30 length, Is brought into contact with a heat source 
which causes periodical heating and cooling, 
whereby a periodic temperature variation is pro- 
duced on the end of the sample and, in con- 
sequence, a temperature wave is brought about in 

35 the sample. The state of propagating the tempera- 
ture wave in the sample Is observed by measuring 
the temperature at not less than two measuring 
points which are different in distance from the 
heating point In the propagation direction of the 

40 wave. Using the amplitude and phase of the tem- 
perature wave obtained at each measuring point, 
the thermal diffusivity is calculated. 

The flash method measures thermal diffusivity 
in the following manner: One of the surfaces of a 

45 plate sample is provided with a light absorption 
layer, to which a laser pulse, for example, is irradi- 
ated to effect instantaneous heating through light 
absorption. The temperature rise thereby caused at 
the absorption layer is propagated in the thickness 

50 direction of the sample so that a temperature vari- 
ation is produced on the surface of the sample 
opposite to the irradiated surface. The temperature 
variation is measured as a function of time after the 
flash irradiation. From the temperature-time curve 
thus obtained, the thermal diffusivity is determined. 
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The PAS method determins thermal diffusivity 
in the following manner: A closed cell having a 
window for transmitting light Is equipped with a 
microphone, etc. for measuring sound signal. A 
plate sample within the cell is provided with a light 
absorption layer at one surface thereof. A modu- 
lated light beam is irradiated through the window to 
the layer to produce a periodic temperature vari- 
ation. This temperature wave Is propagated to 
cause a periodic temperature variation on the op- 
posite surface of the sample. Then, the variation of 
a periodic sound wave thereby generated in the 
cell is measured. Using the phase and amplitude of 
the wave, the thermal diffusivity Is determined. 

The conventional measuring methods de- 
scribed above involve the following problems. 

In the Angstrom method, since the sample has 
to be molded into a long rod, a great amount of 
sample material is required, and the installation of 
its adiabatic system becomes large in order to 
minimize the heat loss from the surface of the 
sample. Further, the measurement requires a rela- 
tively long time and hence the objects to be mea- 
sured are limited to materials of relatively large 
thermal diffusivitles. 

Since the flash method effects heating through 
light absorption, when a transparent sample or a 
sample of little light absorption Is measured, it is 
necessary to coat an absorption layer for light 
absorption on the surface of the sample. This often 
causes a heat loss or heating Irregularity at the 
interface of the absorption layer and the sample, 
which are responsible for errors. Further, the mea- 
surement is carried out on the assumption that no 
consideration of heat loss may be made because 
of short time. This assumption is well met by those 
with large thermal diffusivities such as metals. 
However, with those of smaller thermal diffusivities 
such as high molecular compounds, large errors 
will result. 

In the PAS method, the same problems as In 
the flash method arise owing to the heating through 
light absorption. Further, since the method mea- 
sures sound signal by means of a sound signal 
detector, it is affected seriously by noises caused 
by vibration, sound, etc. 

Moreover, it is difficult for these measuring 
methods to measure the temperature-dependence 
of thermal conductivity. This measurement in actual 
practice necessitates an elaborate apparatus. 

It Is the objects of the present invention to 
solve the foregoing problems, and to provide a 
method for measuring thermal diffusivity, according 
to which precise measurements can be made even 
with materials of small thermal diffusivities, mea- 
surements can be made with trace amounts of 
samples, and rapid measurements including the 
temperature-dependence can be made in a small 



scale apparatus, an apparatus thereof, and a meth- 
od for measuring thermal conductivity according to 
which the thermal conductivity is determined from 
the measured value of the thermal diffusivity. 

5 

Summary of the Invention : 

According to the present invention, there is 
70 provided a method for measuring the thermal dif- 
fusivity in the thickness direction of a thin sample 
plate which comprises the steps of forming a con- 
ductive thin layer on at least one surface of said 
thin sample plate to allow the thin layer to function 
IS as an ac heater generating joule heat, applying an 
ac current modulated with a given modulation fre- 
quency to the ac heater of said sample plate so as 
to produce ac joule-heating, generating an oscilla- 
tion response corresponding to said ac joule-heat- 
20 ing on the opposite surface of said sample plate, 
and measuring the phase shift of said oscillation 
response, thereby obtaining the thermal diffusivity 
in the thickness direction of said sample plate. 

25 

Detailed Description of the Invention : 

The present Invention will be described in de- 
tail hereunder. 

30 The sample to be measured (hereinafter re- 
ferred to as measurement sample) in the present 
Invention Is of hardly conductive materials which 
can be formed into thin films, sheets or plates. 
They may include, for example. 
35 I. high molecular compounds (polymers) such as 
phenol, urea, melamlne, polyester, epoxy. poly- 
urethane. cellulose, polystyrene, polypropylene, 
polyethylene, vinylidene chloride, polyamide. 
polyacetal, polycarbonate, polysulfone. ABS, 
40 polyphenylene oxide, polyether sulfone, polyal- 
lylate, acryl, acrylonitrile, polyether ether ketone, 
polyether ketone, polyimide and polyolefin. 

II. organic dyestuffs such as cyanine. 
phthalocyanine. naphthalocyanine. nickel com- 

45 plex. splro-compounds, ferrocene, fulgide. im- 
idazole, perillene, phenazine, phenothiazine. 
polyene, azo-compounds. quinone, indigo, 
diphenylmethane, triphenylmethane. poly- 
methine, acridine. acridinone, carbostyril, 

50 coumarin, diphenylamine. quinacridone. 
quinophthalone. phenoxazine and 

phthaloperinone, 

III. mineral ores such as silica, diamond, garnet, 
corundum, ruby, sapphire, agate, zeolite, dia- 

55 tomaceous earth, mica, rock salt, apatite, kaolin, 
sillimanite, andalusite, cyanite, dolomite, moon- 
stone, marble, serpentine, malachite, bauxite, 
bentonite, quartz, olivine, gypsum, sulfur, barite. 
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alunite, fluorite, feldspar, talc, asbestos, 
limestone, calclte, crystal, amber, spinel, alexan- 
drite, emerald, topaz, cat's-eye, jade and opal, 

IV. glasses such as quartz glass, fluoride glass, 
soda glass, soda lime glass, barium-strontium 
glass, lead glass, aluminoborosiiicate glass. 
borosHicate glass, aluminosilicate glass and sili- 
ca glass, and 

V. fine ceramics such as AI2O3, MgAIaO*. BeO, 
SIC. AIN, MgO. PLZT, ¥203, Zr02. Ti02. CaFz. 
GaAs, PbO, CaO. U2O3. 813 N*. a-S[:H. etc. 

The thickness is so thin that the thermal diffu- 
sion can be ignored in the surface direction and 
hence is regarded as being completely adiabatic in 
the surface direction. 

The conductive materials to be used as the ac 
heater {electrically conductive thin layer) generate 
joule heat by passing a current therethrough. They 
may. for example, include gold, silver, platinum, 
copper, iron zinc, antimony, iridium, chromel, con- 
stantan, nichrome, aluminum, chromium, nickel and 
carbon. 

The conductive materials to be used as the 
resistance thermometer (discussed later) are those 
whose resistance varies with temperature. They 
may, for example, include gold, silver, platinum, 
copper, iron, zinc, antimony, iridium, chromel, con- 
stantan, nichrome, aluminum, chromium, nickel and 
carbon. 

The conductive thin layer to be used as the ac 
heater and the resistance thermometer should be 
thin enough in thickness and small enough in heat 
capacity compared with the sample plate to such 
an extent that their contacting interfaces with the 
sample plate can be ignored. 

The conductive thin layers used as the ac 
heater and resistance thermometer are formed on 
the sample plate intimately by 

I. sputtering which forms a thin layer by allowing 
the sample plate to adsorb atoms at its surface, 
making use of the phenomenon that irradiation 
of ions onto the surface of a solid liberates the 
atoms of the solid. 

II. vapor deposition which forms a thin layer by 
allowing the sample plate to adsorb the vapor of 
a substance at its surface under vacuum. 

III. coating which coats the surface of the sam- 
ple plate with a liquid or semi-liquid material, 

IV. adhesion which sticks the surfaces together 
with the help of an adhesive comprising the 
same or different material, or 

V. pressure application which sticks the surfaces 
together by an application of pressure without 
using any adhesive comprising the same or 
different material. Among these, sputtering or 
vapor deposition is most preferred. 

When, by way of example, gold is used to form 
a conductive thin layer on a sample plate by sput- 



tering, it is preferred that the sample plate is first 
masked with a polyester film, etc.. and then al- 
lowed to adsorb (deposit) gold for about 30 min- 
utes under vacuum by the use of a voltage and 

5 current of around 1 .2 KV and 3.5 mA, respectively, 
to form a conductive thin layer of a thickness of 
around 10 - 5.000 angstroms and a resistance of 
around 0.1 n - 10 KQ. 

When gold Is used by way of example to form 

70 a conductive thin layer on a sample plate by vapor 
deposition, it is preferred that the sample plate is 
first masked with a polyester film, etc. and then 
allowed to adsorb (deposit) gold for 30 minutes by 
vaporizing gold by heating it electrically under 

76 vacuum to its melting temperature or above to form 
a conductive thin layer of a thickness of around 10 
- 5,000 angstroms and a resistance of around 0.1 n 
- 10 K«. 

When a sample plate and a conductive thin 
20 layer are formed by coating, it is preferable to coat 
the sample plate with a conductive paste so as to 
form a layer of a thickness of around 10 - 5.000 
angstroms and a resistance of around 0.1 Q - 10 

25 When a measurement sample plate and a con- 
ductive thin film are sticked together by adhesion, 
it is preferable first to coat a conductive thin film, 
such as copper leaf or gold leaf, etc. of a thickness 
of around 10 - 5,000 angstroms and a resistance of 

30 0.1 I? - 10 Kn, with an adhesive so thin that the 
contacting interface between the conductive thin 
film and the sample plate can be ignored, and then 
to allow the film with adhesive to adhere to the 
sample plate so completely that they are not 

35 peeled off each other. 

When a sample plate and a conductive thin 
film are joined together by pressure application, it 
Is preferable to press a conductive thin film, such 
as copper leaf or gold leaf, of a thickness of 10 • 

40 5,000 angstroms and a resistance of 0.1 Q - 10 KQ 
onto the sample plate with a force higher than the 
pressure, under which the effect of the contacting 
interface between the conductive thin film and the 
sample plate can be ignored, so as to allow them 

45 to adhere to each other completely. 

The basic composition of the present invention 
and the features thereof will be illustrated here- 
under with reference to the attached drawings. 
In Figs. 1 and T, numeral 1 is a measurement 

50 sample plate, the thickness of which is substantially 
uniform and is so thin that the thermal diffusion in 
the surface direction can be ignored. For example, 
where the portion for measuring the thermal dif- 
fusivity of the sample plate is a square, it Is a film 

55 or sheet or plate having a ratio (1/d) of the length (1) 
of a side to the thickness (d) of 10 or more, 
preferably 50 or more, more preferably 100 or 
more, the upper limit of the thickness (d) being not 
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more than 2,000 urn, preferably not more than 
1,500 urn more preferably not more than 1.000 
urn, the lower limit of the thickness (d) being in 
such a range that the heat capacities of the con- 
ductive thin layers formed on the both surfaces can s 
be neglected, i.e.. not less than 0.01 urn. prefer- 
ably not less then 0.1 urn, more preferably not less 
than 1 um. Further, the measurement sample plate 
1 is of a hardly conductive material such as high 
molecular compounds (polymers) and ceramics, io 
the resistivity of which is not less than 1 x 10* 
n*cm, preferably not less than 1 x 10^ n'cm, 
more preferably not less than 1 x 17^ n^cm and 
has no upper limit but is, for example, not more 
than 1 X 102^ n*cm, preferably not more than 1 x 75 
10^2 O'cm, more preferably not more than 1 x 10" 
n'cm. Numeral 2 represents a conductive thin 
layer functioning as the ac heater for causing ac 
joule-heating on one surface of the measurement 
sample plate by a modulated current, the resis- 20 
tance of >vhich is O.OT Q - 100 Kfl, preferably 0.05 
- 50 KO. more preferably 0.1 Q - 10 Kn. The 
conductive thin layer functioning as the ac heater is 
completely adhered to the sample plate to such an 
extent that the contacting interface between the 25 
sample plate and the ac heater (conductive thin 
layer 2) can be Ignored, the thickness thereof being 
far thinner than that of the sample plate, e.g.. not 
more than 50,000 angstroms, preferably not more 
than 10,000 angstroms, more preferably not more 30 
than 50.000 angstroms, the lower limit of the thick- 
ness being, e.g., not less than 1 angstrom, prefer- 
ably not less than 5 angstroms, more preferably 
not less than 10 angstroms, although there is no 
restriction on the lower limit so far as the layer can 35 
pass ac current. 

Numeral 3 is a conductive thin layer function- 
ing as the resistance thermometer to measure the 
ac component of tine temperature oscillation re- 
sponse on the surface opposite to the ac heater, 4o 
the resistance of which is 0.01 fl - 100 Kfi. prefer- 
ably 0.05 0 - 50 KQ, more preferably 0.1 Q - 10 Kfl. 
The conductive thin layer functionir^ as the resis- 
tance thermometer Is completely adhered to the 
sample plate to such an extent that the contacting 45 
interface between the sample plate and the resis- 
tance thermometer can be ignored, the thickness 
thereof being far thinner than that of the sample 
plate, e.g., not more than 10.000 angstroms, prefer- 
ably not more than 5,000 angstroms, more prefer- so 
ably not more than 1 .000 angstroms, the lower limit 
of the thickness being, e.g., not less than 1 ang- 
strom, preferably not less than 5 angstroms, more 
preferably not less than 10 angstroms, although 
there is no restriction on the lower limit so far as 55 
the film can pass dc current enough to read the 
variation of the resistance. 

Figs. 2, 3 and 8 are exemplary schematic 



diagrams of the measuring method and apparatus 
of the present invention. Figs. 2 and 3 Illustrates 
examples in which temperature oscillation responce 
is used as the oscillation responce. while Fig. 8 is 
an example in which periodic sound wave is used 
as the oscillation responce. The examples using 
the former (temperature oscillation responce) is 
first illustrated. 

As shown in Figs. 2 and 3, an ac current is 
applied to an ac heater 2 by means of a generator 
4 of a modulated ac current (function synthesizer, 
etc.) so that the ac heater 2 is ac-joule heated. To 
a resistance thermometer 3, a dc current of a fixed 
voltage is applied by means of a dc source 5 
(battery, etc.), and the variation of the voltage due 
to the temperature-dependence of the resistance is 
amplified by a lock-in amplifier 7 to measure the ac 
component of the temperature oscillation. The lock- 
in amplifier 7 is incorporated in parallel with a 
resistance 6. installed for the purpose of preventing 
self heating of the resistance thermometer, as in 
Fig. 2, or it is incorporated in parallel with the 
resistance thermometer as in Fig. 3, so as to 
measure the ac component of the temperature 
oscillation response. 

The lock-in amplifier 7 obtains a dc component 
(part) from the product of the reference ac current 
from the generator 4 of ac cunrent and the detected 
wave. It has a selectivity so that noises other than 
necessary frequencies are almost completely elimi- 
nated. 

The output signals of the lock-in amplifier 7 are 
sent to a data processor 8 (e.g., personal com- 
puter) to determine the thermal diffusivity. The cal- 
culation of the themfial diffusivity is effected as 
follows. 

Since the joule heat is maximized at the peak 
point regardless of the current being positive or 
negative, the cycle of the temperature oscillation is 
twice the cycle of the ac current. Accordingly, the 
ac component (part) of the temperature of the ac 
heater 2 varies with a frequency f, assuming that 
the frequency of the modulated ac current is f/2. 
The varied temperature is expressed as 
T(t) = To cos(«t) (1) 
taking angular frequency as o> ( = 27rf). 

The sample 1 is of a hardly conductive ma- 
terial, but due to its extremely thin thickness, the 
heat energy from the joule-heat of the ac heater 2 
is transmitted only by thermal conduction in the 
thickness direction, causing a periodic temperature 
oscillation response at the resistance thermometer 
3 on the opposite surface. 

Taking the thickness of the measurement sam- 
ple plate as d and the thermal diffusivity as a, the 

varied temperature is 

T(t) = To exp (-V^d) cos (<ot -VZiTSd). (2) 
and noting only the phase shift between the both, it 



5 



9 



EP 0 419 873 A2 



10 



is 

AB = V^72^d + 0 (3) 
Here, Afl is the phase shift due to the thermal 
diffusion in the measurement sample plate and /3 is 
an apparatus constant. 

By introducing <a = 2vi in equation (3) followed 
by modification, 
A0 = d V^Vf + 0 (4) 
is obtained. 

Therefore, with regard to a measurement sam- 
ple plate having a known thickness d. the thermal 
diffusivity a can be obtained from equation (4) by 
causing the modulation frequency to vary at least 
two points, measuring the phase shift Afl between 
the ac heater and the ac component of the tem- 
perature measured by the resistance thermometer, 
and determining the rate of change (gradient, or 
inclination when expressed as a graph) of the 
phase shift to the square root of the modulation 
frequency f. 

The lower limit of the frequency range suitable 
for this measurement is the frequency at which the 
thermal diffusion length (Us = V2a7«) is not more 
than the thickness d of the measurement sample 
plate, and the upper limit is in such a frequency 
that the temperature oscillation amplitude mea- 
sured by the resistance thermometer is larger than 
noises. The frequency range hence being 0.01 to 
1,000 Hz. preferably 0.5 to 700 Hz, more preferably 
0,1 to 500 Hz where the measurement sample 
plate is a high molecular film having a thickness of 
about 100 um. 

The measurement sample plate 1 is installed in 
a heating-cooling cell 9, and the measurement at- 
mosphere temperature of the measuring part Is 
regulated by a temperature controller 10. By 
changing the measurement atmosphere tempera- 
ture, the temperature dependence of the thermal 
diffusivity can be measured at any desired tem- 
peratures. 

As shown in Fig. 4, these devices are all con- 
trolled by a personal computer and the measure- 
ments are also treated automatically, constituting 
an integrated automatic measuring system. By de- 
termining the range of measuring frequencies at 
the beginning of measurement, the output frequen- 
cy of a function synthesizer, the generator of ac 
current, is automatically changed after completion 
of the measurement at each frequency. The mea- 
sured value by the lock-in amplifier is sent to the 
personal computer every time the measurement at 
each frequency is finished, and after completion of 
measurements in the predetermined range of mea- 
suring frequencies, these measured values are 
stored in a floppy disk. By determining measuring 
temperatures at the begining of measurement, the 
temperature is raised or lowered to the next tem- 
perature after completion of the measurement at 



each temperature, and the measurement Is re- 
peated automatically until all of the measurements 
at the predetermined temperatures are completed. 
Taking thermal conductivity as X, specific heat 

5 as Cp and density as p, the relationship between 
the thermal diffusivity and the thermal conductivity 
is expressed as 
a = X/(CpV) (5) 
and by modification, as 

10 X = a-Cp"p (6) 

Thus, the thermal conductivity can be obtained by 
introducing the values of the specific heat and 
density measured by other measuring methods in 
combination with the value of the thermal diffusivity 

75 according to the present invention into equation (6). 
The specific heat can be measured by a differential 
scanning calorimeter, adiabatic calorimeter, etc.. 
while the density by a volume dilatometer, P-V-T 
measuring instrument, etc. These measured values 

20 are used for obtaining the thermal conductivity. 

Hence, making use of the phenomenon that the 
phase shift of the temperature oscillations between 
the heating surface by ac heating and the opposite 
surface thereof depend on the modulation frequen- 

25 cy of the ac current flowing through the heating 
surface, the present invention determines the ther- 
mal diffusivity by forming minute conductive thin 
layers on a minute measurement sample plate, 
causing one of the thin layers to generate heat by 

30 an ac current, and measuring the temperature os- 
cillation on the opposite surface electrically. Since 
the minute conductive with layers are merely 
formed on the minute measurement sample plate, 
it is easy to heat or cool the measuring environ- 

35 ment uniformly. Thus, the temperature dependence 
of the thermal diffusivity can be measured by 
changing the measurement atmosphere tempera- 
ture at will. 

Further, the thermal conductivity can be deter- 
40 mined by using measured' values of the specific 
heat and density determined according to other 

methods. 

Then, an example of using the latter periodic 
sound wave is illustrated. 

45 As shown in Fig. 8, a measurement sample Is 
Installed in a sealed cell 30 air-tightly in such a 
way that the surface to be measured forms a part 
of the walls of the sealed cell and the ac heater 
(conductive thin layer) 2 is ac joule-heated by a 

50 generator 40 of a modulated ac current such as a 
function synthesizer. In the sealed cell 30, a micro- 
phone 50 is installed air-tightly as a sound signal 
detector, and the output is amplified by a lock-in 
amplifier 60 to measure the ac component of the 

55 periodic sound wave in the sealed cell. 

The lock-in amplifier 60 obtains a dc compo- 
nent from the product of the reference ac current 
from the ac current generator 40 and the detected 



6 



11 



EP 0 419 873 A2 



12 



wave. It has a selectivity so that noises other than 
necessary frequencies are ainnost completely elimi- 
nated. 

The output signals of the locl«-in amplifier 60 
are sent to a data processor 70 (e.g.. personal 
computer) to determine the thermal diffusivity. The 
calculation method of the thermal diffusivity is as 
follows. 

Since the joule heat is maximized at the peak 
point regardless of the current being positive or 
negative, the cycle of the temperature oscillation is 
twice the cycle of the ac current. Accordingly, the 
ac component of the temperature of the ac heater 
2 varies with a frequency f, assuming that the 
frequency of the modulated ac current is f/2. The 
varied temperature is expressed as 
T(t) = To cosM) (1) 

taking angular frequency as o)(= 27rf), as described 
above. 

The heat energy is transmitted by thermal con- 
duction, causing a periodic temperature oscillation 
in the gas in the sealed cell in contact with the 
opposite measurement surface and producing a 
periodic sound wave in agreement in phase with 
the temperature oscillation on the measurement 
surface of the sample. Taking the thickness of the 
measurement sample as d and the thermal dif- 
fusivity as a, then the varied te mpera ture is 
T(t) = To exp(-V^^d) cos(ojt-V^^d) (2) 
and noting only the phase shift between the tem- 
perature of ac heater and the temperature of op- 
posite surface, it is 
AS = V^d + 0 (3) 
wherein Ae and 0 have the same meaning as 
already defined. The AS agrees with the phase 
shift of the formerly described periodic sound 
wave. Therefore, by introducing « = 2irf in equa- 
tion (3) followed by modification. 
Ae = d VW^Vf + 0 (4) 
is obtained, as described above. 

Accordingly, with regard to a sample plate hav- 
ing a known thickness d, the thermal diffusivity a 
can be obtained from equation (4) for at least two 
points in modulation frequency and measuring the 
phase shift AO between the ac heater and the 
periodic sound wave measured by the sound signal 
detector, thereby determining the thermal diffusivity 
from the gradient of the phase shift to the square 
root of the modulation frequency f. 

The lower limit of the frequency range suitable 
for this measurement is the frequ ency at which the 
thermal diffusion length (a« = is not more 

than the thickness d of the measurement sample 
plate and the upper limit is in such a frequency 
range that the periodic sound wave amplitude is 
larger than noises, the frequency range hence be- 
ing 0.01 to 1.000 Hz, preferably 0.1 to 700 Hz. 
more preferably 1 to 500 Hz where the sample is a 



high molecular film having a thickness of about 100 
urn. 

The present invention basically makes use of 
the phenomenon that the phase shift between the 

5 heating surface by ac joule-heating and the peri- 
odic sound wave in the sealed cell caused by the 
temperature oscillation of the opposite surface de- 
pends on the modulation frequency of the ac cur- 
rent flowing through the heating surface. The 

10 present invention determines the thermal diffusivity 
by forming a minute conductive thin layer on a 
minute sample plate, and applying ac current to the 
thin layer to generate ac joule-heat and measuring 
the temperature oscillation on the opposite surface 

IS by way of the periodic sound wave. Since the 
minute conductive thin layer is merely formed on 
the minute measurement sample plate, it is easy to 
heat or cool the measurement sample uniformly. In 
addition, the apparatus is also simple and small. 

20 

Brief Description of the Drawings : 

Figs. 1 and l' are Individually a side-view illus- 
25 trating the structure of a measurement sample 
plate in the present invention. 
Fig. 1 shows an example In which a conductive 
thin layer is formed on one surface of the plate, 
while in Fig, l' conductive thin layers are 
30 formed on the both surfaces. 

Figs. 2, 3 and 8 are individually an exemplary 
schematic diagram of the measuring method 
and apparatus of the present invention. Figs. 2 
and 3 give examples in which temperature os- 
35 cillation response is used as the oscillation re- 
sponse, while in Fig. 8. periodic sound wave is 
used. 

Fig. 4 shows a schematic diagram of an exam- 
ple in which the measuring apparatus of the 

40 present invention is automated. 

Fig. 5 gives a measurement example of the 
variation of the phase shift of the outputs be- 
tween the ac heater and the ac component of 
the resistance thermometer with the square root 

45 of the frequency in the case of a sapphire plate. 
Fig. 6 shows a measurement example of the 
temperature dependence of the thermal diffusiv- 
ity measured with a polystyrene film. 
Fig. 7 is a drawing illustrating an example of the 

50 temperature dependence of the thermal con- 
ductivity determined by using the measured val- 
ue of the thermal diffusivity and the measured 
values of the specific heat and density obtained 
by other methods in the case of the polystyrene 

55 film. 

Fig. 9 Is a drawing illustrating a measurement 
example of the variation of the phase shift be- 
tween the ac heater and the outputs of sound 
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signal detector with the square root of the fre- 
quency measured with a PET (polyethylene 
terephthaiate) film. 

in the drawing, numerals represent as folfows: 

1 — measurement sample plate 

2 — ac heater (electrically conductive thin layer) 

3 — resistance thermometer (electrically con- 
ductive thin layer) 

4 & 40 — ac cun'ent generator (function syn- 
thesizer) 

5 — do source (battery) 

6 — resistance for preventing self heating 

7 & 60 — lock-in amplifier 

8 & 70 — data processor 

9 — heating and cooling cell for measurement 
sample plate 

10 — temperature controller 
■ A9 — phase shift 

50 microphone 

f — frequency of temperature oscillation on 
temperature measuring surface 
T — measured temeprature 
a — thermal diffusivity 
X— thermal conductivity 
Preferred embodiments of the present inven- 
tion will be Illustrated with reference to the follow- 
ing examples. 

Example 1: 

In this example, the apparatus shown in Fig. 2 
was used for the measurement. 

As the measurement sample plate, there are 
used (1) a sapphire plate with a thickness of 98 um 
and a size of 15 mm x 15 mm, masked with a 
polyester film of 10 mm x 3 mm on both sides in 
such a way that the ac heater side has a thickness 
of 500 angstroms of gold layer and the resistance 
thermometer side has a thickness of 800 ang- 
stroms of gold layer sputtered with gold onto the 
both sides, (2) and a polystyrene film with a thick- 
ness of 120 um and a size of 15 mm x 10 mm, 
masked with a polyester film of 10 mm x 3 mm on 
both sides in such a way that the ac heater side 
has a thickness of 500 angstroms of gold layer and 
the resistance thermometer side has a thickness of 
800 angstroms of gold layer sputtered with gold 
onto the both sides as is the case with the sap- 
phire. 

Rg. 5 illustrates the variation of the phase shift 
between the ac heater and the outputs of ac com- 
ponent of the resistance thermometer witfi the 
square root of the frequency in the case of the 
sapphire plate. From the gradient obtained in the 
drawing, the thermal diffusivity is determined using 
the equation described earlier. In this measuring 
method, the use of a lock-in amplifier permits an 



almost complete elimination of noises other than 
necessary frequencies, and the measurement 
based on the phase shift produces no measure- 
ment errors due to the absolute value of tempera- 

5 ture. Thus, measurement data excellent in accu- 
racy and reproducibility can be obtained. The ther- 
mal diffusivity determined from the gradient Is ap- 
proximately 1.2 x 10"^ m^/sec. and agrees well 
with the values of the thermal diffusivity of sapphire 

10 given in literatures and the calculated values of the 
thermal diffusivity from other thermal properties. 

Fig. 6 shows the results of measurement on 
the temperature dependence of the thermal dif- 
fusivity of the polystyrene film. The glass transition 

75 temperature of this measurement sample plate is 
about 105' C, but as shown in the drawing, the 
thermal diffusivity can be measured in the wide 
range of temperature above the glass transition 
temperature. Further, such interesting results are 

20 obtained that the thermal diffusivity has a peak in 
the vicinity of the glass transition temperature, and 
a larger difference is observed also between the 
thermal diffusivities in the liquid and solid states. 
Thus, the present invention permits studying 

25 minutely the variation of the thermal diffusivity due 
to the morphological changes and molecular mo- 
tion of a substance and performing precise product 
designs, etc. at high temperatures which have been 
difficult to evaluate to date. Further, the present 

30 invention makes it possible to perform a more 
accurate analysis at actual processing and use 
temperatures in the utilization of various simulation 
programs. 

Fig. 7 shows the results of measurement of the 

35 temperature dependence of the thermal conductiv- 
ity determined from the measured value of the 
thermal diffusivity obtained by the method of the 
present Invention and those of the specific heat 
and density obtained by other methods in the case 

40 of the polystyrene film. The specific heat was mea- 
sured by a differential scanning calorimeter while 
the density by a caplllary-type P-V-T measuring 
instrument. The thermal conductivity thus obtained 
has a peak in the vicinity of the glass transition 

46 temperature as in the case of the thermal dif- 
fusivity, and its whole behavior is also similar to 
that of the thermal diffusivity. The thermal dif- 
fusivity contributes to the thermal conductivity 
more than the specific heat and density. Using the 

50 results, it is possible to perform precisely the prod- 
uct design, etc. at high temperatures which has 
been difficult to evaluate to date. Further, an ac- 
curate analysis at actual processing and use tem- 
peratures can be made in the utilization of various 

55 simulation programs. 

Further, similar measurements have been at- 
tempted with the apparatus shown in Fig. 3 and it 
was confirmed to obtain substantially the same 
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results. 



Example 2: 

The apparatus shown in Fig. 8 was used. As 
the measurement sample was used a PET 
(polyethylene terephthalate) film of a thickness of 
100 um and a size of 10 mm x 10 mm. having 300 
angstroms of gold vapor-deposited layer by sput- 
tering as the ac heater. 

Fig. 9 shows the variation of the phase shift of 
the ac heater and the outputs of sound signal 
detector with the square root of the modulation 
frequency measured with said measurement sam- 
ple. Using the gradient obtained in this drawing, the 
thermal diffusivity was obtained in the same man- 
ner using the equations described above. 



Industrial Applicability : 

As has been described above, the following 
effects can be obtained according to the present 
invention, which are suitably applicable to such 
areas as the development, product design, and 
analysis by simulation of a variety of materials 
Including high molecular materials (polymers), ce- 
ramics, etc. 

(1) Since the measurement sample plate is of a 
very small amount (and thin thickness) and the 
conductive thin layers are completely adhered to 
the plate so as to measure only the phase shift of 
the ac components of temperature, the absolute 
value of temperature has no significance, so that 
accurate measurements with little errors can be 
obtained and miniaturization of the apparatus and 
speed-up of the measurement can be realized. 
Consequently, various problems involved in the 
conventional Angstrom method, - that is, a large 
amount of sample required, a large adiabatic 
equipment for minimizing heat loss, a relatively 
long time required for measurement, and limited 
measuring objects to materials of relatively large 
thermal diffusivities, can be entirely eliminated. 

(2) Since the conductive thin layers are formed 
by completely adhering to the sample plate by 
sputtering, etc. and are so thin that the contacting 
interface can be ignored, there Is raised no prob- 
lem of heat loss. 

Therefore, heating irregularities and heat loss 
errors can be prevented, which occurs in the flash 
method and PAS method utilizing light absorption. 
Further, a sound signal detectory used in the PAS 
method is not necessary in this invention, there is 
no error caused by vibration and noises. 

(3) The sample is so microminiaturized and the 
apparatus is so simplified and miniaturized that it is 



easy to change the measurement atmosphere tem- 
perature by heating or cooling the cell equipped 
with the sample and thereby to measure the tem- 
perature dependence of the thermal diffusivity. 

5 Where the use and processing conditions of an 
actual product are examined and its analysis based 
on actual phenomena is carried out. it is necessary 
to know its thermal properties in the wide range of 
temperature from room temperature to the melting 

10 temperature or above. However, according to the 
present invention, it is possible to measure the 
thermal characteristics of a sample from many 
sides without making the apparatus complicated 
and enlarged due to the bulk treatment of samples 

75 or providing air-tighted cell as is the case with the 
conventional methods and hence to cope flexibly 
with the recent diversified studies and develop- 
ments of material characteristics. 

(4) The thermal conductivity can be obtained 

20 from the measured value according to the present 
invention and the specific heat and density ob- 
tained by other methods. 

When the characteristics of a material are stud- 
ied and developed in due consideration of the 

25 properties involved in the heat transfer of the ma- 
terial, it is important to know not only its thermal 
diffusivity but also its thermal conductivity. Accord- 
ing to the present invention, however. It is pssible 
to carry out a diversified study and development of 

30 the characteristics of the material by the use of 
both of the thermal diffusivity and the thermal con- 
ductivity. 



35 Claims 

1 . A method for measuring the thermal diffusivity in 
the thickness direction of a thin sample plate which 
comprises the steps of: 

40 forming a conductive thin layer on at least one 

surface of said thin sample plate to allow the thin 
film to function as an ac heater generating joule 
heat; 

applying an ac current modulated with a given 
45 modulation frequency to the ac heater (conductive 
thin layer) so as to produce ac joule-heating; 
generating an oscillation response corresponding to 
said at joule-heating on the opposite surface of the 
ac heater: and 

50 measuring the phase shift between said oscillation 
response and the ac joule-heating, thereby obtain- 
ing the thermal diffusivity in the thickness direction 
of said sample plate. 

2. The method of measuring the thermal diffusivity 
55 of the sample plate according to Claim 1 wherein 

the oscillation response is a temperature oscillation 
response or a periodic sound wave. 

3. The method for measuring the thermal diffusivity 
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according to Claim 2 which comprises the steps of: 
forming conductive thin layer on both surfaces of a 
thin sample plate to allow one of the thin layer to 
function as an ac heater generating joule heat and 
to allow another thin layer to function as a resis- 
tance thermometer making use of the variation of 
the resistance with temperature; 
applying an ac current modulated with a given 
modulation frequency to the ac heater so as to 
produce ac joule-heating; 

generating a temperature oscillation response cor- 
responding to said ac joule-heating In said resis- 
tance thermometer; and 

measuring the phase shift between the temperature 
oscillation response and the ac joule heating for at 
least two points in said modulation frequency 
range, thereby obtaining the thermal diffusivity in 
the thickness direction of said sample plate from 
the relationship between the phase shifts and said 
modulation frequency. 

4. The method for measuring thermal diffusivity 
according to Claim 3 wherein the sample plate is a 
plate of a hardly conductive material selected from 
high molecular materials (polymers), organic 
dyestuff, mineral ores, glasses and ceramics. 

5. The method for measuring thermal diffusivity 
according to Claim 3 or 4 wherein the conductive 
thin layer functioning as the resistance thermom- 
eter is a thin layer made of a conductive material 
whose resistance varies with temperature. 

6. The method for measuring thermal diffusivity 
according to Claim 3 or 4 wherein the thin layers 
functioning as the ac heater and the resistance 
thermometer are formed by a method selected 
from sputtering, vapor deposition, coating, adhe- 
sion and pressure application. 

7. The method for measuring thermal diffusivity 
according to any one of Claims 3 to 8 wherein the 
temperature dependence of the thermal diffusivity 
Is measured at desired temperature by heating or 
cooling the sample. 

8. A method for measuring thermal conductivity of 
a thin sample plate comprising measuring the ther- 
mal diffusivity of the sample according to the meth- 
od described in any one of Claims 3 through 7 and 
obtaining thermal conductivity using the specific 
heat and density of said sample plate. 

9. An apparatus for measuring thermal diffusivity in 
the thickness direction of a thin sample plate pro- 
vided with conductive thin layers on both surfaces 
which comprises: 

an ac current generation means for applying an ac 
current with a given amplitude of modulation to one 
of the conductive thin layers; 
a dc current supplying means for applying a given 
dc current to another conductive thin film; and 
a lock-in amplifier for amplifying the voltage. 

10. The apparatus for measuring thermal diffusivity 



according to Claim 9 which further comprises a cell 
for accommodating the sample. 

11, The apparatus for measuring thermal diffusivity 
according to Claim 10 which further comprises a 

5 means for heating or cooling the sample in the cell, 
thereby giving the temperature dependence of the 
thermal diffusivity by changing the measurement 
atmosphere temperature. 

12. The method for measuring thermal diffusivity 
10 according to Claim 2 which comprises: 

providing for a cell equipped with a sound signal 

detector; 

incorporating a sample plate, on one surface of 
which being formed a conductive thin layer tunc- 
75 tioning as an ac heater and the opposite another 
surface of which serving as the measurement sur- 
face, into said cell in such a way that the measure- 
ment surface constitutes a part of the inner walls of 
said cell; 

20 applying an ac current modulated with a given 
modulation frequency to the conductive thin layer 
to produce ac joule-heating; 
generating a temperature oscillation response cor- 
responding to said ac joule-heating on said mea- 

25 surement surface, thereby inducing a periodic 
sound wave; and 

measuring the phase shift between the ac joule 
heating and the corresponding periodic sound 
wave with said sound signal detector for at least 

30 two points In said modulation frequency range, 
thereby obtaining the thermal diffusivity in the 
thickness direction of the sample plate from the 
relationship between the phase shifts and said 
modulation frequency. 

35 13. The method for measuring thermal diffusivity 
according to Claim 12 wherein the sample plate Is 
a plate of a hardly conductive material selected 
from high molecular compounds (polymers), or- 
ganic dyestuffs. mineral ores, glasses and ceram- 

40 ics. 

14. The method for measuring thermal diffusivity 
according to Claim 12 or 13 wherein the thin layer 
functioning as the ac heater is formed by a method 
selected from sputtering, vapor deposition, coating, 

45 adhesion and pressure application. 

15. The method for measuring thermal diffusivity 
according to Claim 12, 13, or 14. wherein the 
temperature dependence of the thermal diffusivity 
is measured at desired temperatures by heating or 

50 cooling the sample. 

16. A method for measuring thermal conductivity of 
a thin sample plate comprising measuring the ther- 
mal diffusivity of the sample according to the meth- 
od described in any one of Claims 12 through 15 

55 and obtaining thermal conductivity using the spe- 
cific heat and density of said measurement sample. 

17. An apparatus for measuring thermal diffusivity 
in the thickness direction of a thin sample plate, on 



10 



19 EP 0 419 873 A2 20 

one surface of which is formed a conductive thin 
layer functioning as an ac heater and the opposite 
another surface of which serves as the measure- 
ment surface, which comprises: 
an ac current generation means for applying an ac 5 
current with a given amplitude of modulation to one 
of the conductive thin layers; 
a dc current supplying means for applying a given 
dc current to another conductive thin film; 
a cell having a sound signal detector in the interior w 
and capable of incorporating the sample plate in 
such a way that the measurement surface of said 
sample plate composes a part of the inner walls 
thereof; and 

a lock-in amplifier for amplifying the output signals is 
of said sound signal detector. 
18. The apparatus for measuring thermal diffusivity 
according to Claim 17 which further comprises a 
means for heating or cooling the sample in the cell, 
thereby giving the temperature dependence of the 20 
thermal diffusivity by changing the measurement 
atmosphere temperature. 
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